The heat shock proteins (hsps) are expressed in normal cells but their expression is enhanced by a number of different stresses including heat and ischaemia. They play important roles in chaperoning the folding of other proteins and in protein degradation. In the heart a number of studies have shown that prior induction of the hsps by a mild stress has a protective effect against a more severe stress. Moreover, over-expression of an individual hsp in cardiac cells in culture or in the intact heart of either transgenic animals or using virus vectors, also produces a protective effect, directly demonstrating the ability of the hsps to produce protection. These findings indicate the potential importance of developing procedures for elevating hsp expression in a safe and efficient manner in human individuals using either pharmacological or gene therapy procedures.
Heat shock proteins
response to heat in all organisms studied from bacteria to man and are highly conserved between different species. It is now nearly 40 years since Ritossa observed that For example, the hsp90 protein from mammals shows 60% exposure of the larval salivary gland of Drosophila to amino acid identity with the corresponding yeast protein elevated temperature resulted in the appearance of new and 78% with the Drosophila protein [4] . The various hsps puffs in the giant chromosomes of these cells [1] . It is now and their characteristics are listed in Table 1 . known that these puffs represent the transcriptional inducAlthough originally identified on the basis of their tion of specific genes which encode a group of proteins induction by elevated temperature and therefore named the known as the heat shock proteins (for review, see Refs.
heat shock proteins, these proteins are in fact induced by a [2,3]).
wide range of stimuli which are potentially damaging to Although originally demonstrated in Drosophila, the the cell. Such inducers include infections with a wide induction of a small number of heat shock proteins by variety of different viruses [5] [6] [7] , treatment with ethanol elevated temperature is observed in all organisms studied [8] , sodium arsenite [9], steroid hormones [10] and heavy ranging from prokaryotic bacteria such as E. coli to metals such as cadmium [11] . Similarly, and of considermammals including man. Moreover, this evolutionary able relevance from the cardiac point of view, hsps can conservation extends not only to the existence of the also be induced by stimuli such as anoxia and / or isresponse in widely different organisms but also to the chaemia and generators of free radicals such as hydrogen induced proteins themselves which are very similar to one peroxide (for discussion, see Ref.
[12]). The effects of another in very different organisms. Thus, the best charthese stimuli on hsp synthesis in cardiac cells will be acterised hsps, hsp90, hsp70 and hsp65 (each hsp is named discussed in more detail below. It is clear, however, from according to its mass in kilodaltons), are induced in the extensive studies which have been carried out in a variety of cell types that the hsps are induced in response to a variety of stressful stimuli and are perhaps more keeps them in an inactive form located in the cytoplasm properly called therefore ''stress proteins''.
prior to exposure to steroid. Upon steroid treatment, hsp90 The strong evolutionary conservation of the hsps or dissociates from the receptor which is then able to move to stress proteins which was noted above together with their the nucleus and activate steroid responsive genes. induction by a variety of stressful stimuli has suggested Clearly, correct protein folding is of importance in that they have some critical function in the cell's response normal cells but factors which aid this process will be to stress. Interestingly, however, many hsps or stress required at higher level in stressed cells when, for examproteins are also synthesised by normal unstressed cells ple, stimuli such as elevated temperature result in an with their synthesis being further increased upon exposure increased level of denatured or semi-denatured proteins. to stress. Thus, for example, hsp90 is one of the most This idea is also in agreement with findings which indicate abundant proteins in unstressed cells constituting approxithat hsps can also be induced by treatment of cells with mately 1% of the total protein in mammalian cells even amino acid analogues which again would induce the prior to exposure to stress. This has led to the idea that the formation of abnormally folded proteins [11] . function of the hsps is one which is required in normal Both in normal cells and in stressed cells there will also cells but to an even greater extent in stressed cells.
be a need to degrade proteins which have become abnorThis idea is in accordance with detailed functional mally folded and cannot be rescued by the action of studies of individual hsps. Thus, as indicated in Table 1 it chaperone proteins. It is therefore of interest that ubiquitin, appears that a number of hsps have a role in ensuring the which plays a critical role in protein turnover by being correct protein folding of other proteins within the cell linked to proteins marked for degradation, is also induced (acting as so-called ''molecular chaperones'') (for review, by elevated temperature and is therefore a heat shock see Ref.
[13]). Thus, for example, hsp90 associates with protein (see Table 1 ). A further link between the hsps and steroid receptors such as the glucocorticoid receptor and protein degradation is provided by the recent observation that inhibition of hsp70 synthesis enhances the cell death induction of hsp70. Similarly, Dillmann et al. [16] demonwhich is induced by inhibiting the proteasome, which strated that hsp70 was induced in the intact dog heart in mediates the degradation of ubiquitinated proteins [14] .
vivo by occlusion of the left anterior descending coronary The idea of the hsps as proteins which are of importance artery resulting in myocardial ischaemia. These initial in normal cells but which assume a greater significance in studies were supplemented by others which demonstrated stressed cells leads logically to the idea that the induction that, as in other cell types, hsps could be induced in the of these proteins by a stressful stimulus is of itself heart by exposure to a wide variety of stimuli (for review, important in assisting the cell to protect itself from such a see Ref. [17] ). Such stimuli include, for example, pressure stress. In turn, this leads to the idea that the prior induction or volume overload [18] , exposure to heavy metals [19] , of the hsps by a mild stress or by some other non-stressful drugs such as vasopressin or angiotensin [20] or isoprocedure would be protective against subsequent more proterenol [21] . severe stress. This idea obviously has considerable medical Evidently, studies demonstrating the induction of the importance and has therefore been intensively investigated.
hsps in the heart lead to the question of whether such hsp Over the years, this work has effectively proceeded in induction can protect the heart against subsequent exposure three stages. Firstly, the demonstration that exposure to to a more severe stress. This was first demonstrated by mildly stressful stimuli which can induce hsp expression Currie et al. [22] who exposed rats to elevated temperature can in turn protect cells against exposure to a more severe and then removed their hearts and exposed them to stress. Evidently, such findings implicate the hsps as being ischaemia on a Langendorff perfusion apparatus. They protective but do not prove this since the protective effect demonstrated that the hearts from rats which had been could be due to some other action of the mildly stressful exposed to an elevated temperature showed improved treatment other than its ability to induce the hsps. This idea recovery of contractile function following subsequent leads directly to the second stage of these investigations, ischaemia and reperfusion compared to control hearts. namely the use of gene constructs to over-express the hsps Furthermore, the reperfusion damage, as measured by in cultured cells and to then demonstrate a protective effect creatine kinase release, was significantly reduced in the against subsequent exposure to stress. Finally, more recentheat shock hearts. These findings therefore demonstrated ly, these experiments in cultured cells have been comfor the first time that a stimulus which induced hsp plemented by experiments over-expressing the hsps in an induction in the intact heart was able to produce a intact animal and again demonstrating a protective effect.
protective effect against subsequent exposure to ischaemia / In this review, I will discuss these three stages of work reperfusion. These results have subsequently been extendon the protective effect of heat shock proteins focusing on ed both by examining other parameters of heart function studies involving cardiac cells in culture or in the intact and by using other species such as the rabbit [23, 24] . heart. These studies demonstrating a protective effect in the heart on a Langerdorff perfusion apparatus following prior exposure to elevated temperature in vivo, lead naturally to 2. Protective effect of stimuli which induce hsp the question of whether a similar protective effect would synthesis be observed in hearts exposed to myocardial ischaemia within the intact animal following a prior exposure to heat During the 1980s, a very large number of studies shock. demonstrated that, in cells in culture, stimuli which Donnelly et al. [25] demonstrated that this was indeed induced hsp synthesis such as a mild stress resulted in the case with an effective reduction of infarct size being protection against exposure to a subsequent more severe observed when rat hearts were exposed to 35 min of left stress. Moreover, it was also demonstrated that the levels coronary artery occlusion in the intact animal following of the hsps induced by such mildly stressful procedures exposure to heat shock. Moreover, this protective effect is correlated with the level of protection which was observed not confined to the use of heat shock itself to induce the against the subsequent stress (for reviews, see Refs. [2,3]).
hsps. Thus, Marber et al. [26] were able to demonstrate In general, however, these studies were carried out in that four brief periods (5 min each) of cardiac ischaemia fibroblast cells and other non-cardiac cell types rather than were able to induce hsp synthesis and were also able to in cardiac cells. It was some time, however, before these reduce infarct size when the hearts were subsequently studies attracted the attention of those in the cardiac field exposed to 30 min of ischaemia in the intact animal. and their obvious clinical implications were realised.
Hence, stimuli which result in hsp induction in the intact However, once such studies were initiated they moved heart in vivo can produce a protective effect against rapidly to the intact heart either perfused ex vivo or within subsequent exposure of the heart to ischaemia / reperfusion the intact animal in vivo.
either on a perfusion apparatus or within the intact animal. Thus, Currie [15] demonstrated that exposure of isolated
In addition, a number of studies have demonstrated that the rat hearts to ischaemia or elevated perfusion temperature protective effect correlates with the amount of heat shock on a Langendorff perfusion apparatus resulted in the protein which is induced. Thus, for example, Marber et al.
[27] showed a correlation between the amount of hsp70 in coronary endothelial cells [34] , indicating that hsp70 produced by heat stress of papillary muscle and the can protect these cells as well as cardiac myocytes. This is muscle's ability to recover function following a period of of particular interest since it has been shown that when the hypoxia. Similarly, Hutter et al. [28] demonstrated a heart is exposed to elevated temperature in vivo, hsp70 similar correlation between the amount of hsp70 and the induction occurs primarily in endothelial cells rather than ability to limit infarct size following exposure of the heart in cardiac myocytes [35, 36] . to ischaemia and subsequent reperfusion. Evidently, how-
These findings thus conclusively demonstrate that overever, the stimuli which induce the hsps may also induce expression of hsp70 in cardiac myocytes and endothelial other proteins (see, for example, Refs. [20, 23, 29] ). This cells can indeed protect them against heat or ischaemia in has led to much discussion as to the protective role of the vitro. It should be noted, however, that thermal or ishsps in the protective effect of particular inducing stimuli.
chaemic stress of the type used in the experiments deIn particular, much discussion has taken place as to scribed in the previous section does not merely induce whether the phenomenon of preconditioning (in which a hsp70 but also induces a range of different hsps (see, for series of short periods of ischaemia protect the heart example, Refs. [20, 29, 37] ) and it is therefore of consideragainst a subsequent more prolonged ischaemic period) able importance to determine the protective effect of these mediates its protective effect via induction of hsps (for other hsps. discussion, see Refs. [24, 30] ).
Interestingly, when transfection methods were used to Although such discussions are of interest with regard to over-express hsp90, hsp60, or hsp56 either in the H9c2 cell the mechanisms of particular protective effects, it is line [38] or in cultured primary cardiac cells [33, 39] , hsp90 certainly clear from the experiments described above that a over-expression was able to protect the cells against number of stimuli which induce hsps do produce a subsequent thermal stress but not against subsequent protective effect in the heart. Rather than attempting to simulated ischaemia, whereas hsp60 or hsp56 had no analyse whether the hsps are responsible for this protective protective effect. Since hsp70 over-expression protected effect in each individual case, it is perhaps better to against both thermal or simulated ischaemic stress in these investigate whether the over-expression of an individual experiments, these studies indicate that different hsps can hsp in the heart in the absence of any other effect, can have different protective effects and need to be tested produce protection. In this way it is possible to demonindividually for their protective effect in any specific strate that induction of a single hsp can be protective even situation. though this does not mean that this effect is responsible for Such an approach has been facilitated by the developthe protective effect in every circumstance where an hsp is ment of viral vectors for achieving high efficiency gene induced by a particular stimulus. Studies demonstrating delivery to cardiac and other cell types, allowing studies to such a protective effect of individual hsps are discussed in be undertaken with greater ease than the earlier transfecthe next section.
tion studies which were also of much lower efficiency in terms of gene delivery. Thus, our laboratory has prepared herpes simplex virus vectors over-expressing individual 3. Protective effect of individual hsps in cardiac cells hsps and used these to determine their protective effect in in vitro primary cardiac cells. In these experiments [40] we confirmed our earlier results that hsp70 over-expression Initial studies on the protective effect of the hsps in can protect cardiac cells against simulated ischaemia or cardiac cells focused on hsp70 and utilised the H9c2 cell thermal stress, whereas over-expression of hsp56 has no line which was derived initially from the rat heart. In 1994, such protective effect. Moreover, we were able to extend two groups reported the results of experiments in which these studies by showing, firstly, that hsp70 can protect stable transfection was used to produce clonal cell lines against the induction of apoptosis (programmed cell death) derived from H9c2 which constitutively over-expressed in cardiac cells by exposure to ceramide, whereas hsp56 hsp70 [31, 32] . These cells were shown to be protected has no protective effect and, secondly, to demonstrate that against subsequent exposure to thermal or ischaemic stress over-expression of hsp27 (which we had not previously compared to control cells which did not over-express tested) similarly protects cardiac cells against subsequent hsp70. These studies were subsequently extended by exposure to thermal or ischaemic stress or to ceramide Cumming et al. [33] who demonstrated that similar (Fig. 1) . protective effects against heat stress or simulated isThese findings suggest that hsp27 may be as protective chaemia could be observed when hsp70 was over-exas hsp70 in cardiac cells. Similar results were also obtained pressed by transfection of primary rat cardiac myocyte by Martin et al. [41, 42] who used an adenovirus vector to cultures, demonstrating that this protective effect could be over-express hsp27 or the related protein aB-crystallin in observed both in primary cardiac cells and in cell lines cardiac cells. They were able to demonstrate that both derived from them. A similar protective effect was also these proteins were able to protect cardiac myocytes from observed when hsp70 was over-expressed by transfection the effect of simulated ischaemia and that decreasing the strating that a similar protective effect of over-expressing an individual hsp can be observed also in the intact animal in vivo. These studies are discussed in the next section.
Protective effect of hsp70 in vivo
Although, as discussed above, studies on the protective effect of hsp-inducing stimuli in the heart and on the protective effect of over-expressing individual hsps in cardiac cells in vitro, essentially recapitulated similar studies which had been carried out in other cell types, the heart was in fact the first organ for which a protective effect of over-expressing an individual hsp was demonstrated within the intact animal. Thus, in 1995-1996 several groups reported the generation of transgenic mice which over-expressed hsp70 in both the heart and other organs [44] [45] [46] . In all cases, these groups were able to demonstrate that such over-expression of hsp70 was able to protect the heart against the damaging effects of ischaemia using a variety of assays such as infarct size, creatine kinase release, recovery of high energy phosphate stores and correction of metabolic acidosis. Moreover, in a subsequent study, it was demonstrated that such a protective effect could also be observed against myocardial disfunction caused by a brief ischaemia which was insufficient to induce an infarct [47] . absolutely clear that the over-expression of a single hsp does produce a protective effect in the heart in vivo. level of endogenous hsp27 using an antisense approach Interestingly, it has also been demonstrated that knock out enhanced the damaging effects of a subsequent ischaemic mice lacking hsp32 (heme oxygenase-1) show enhanced stimulus.
infarct formation following exposure to hypoxia, indicating Taken together, therefore, these results demonstrate that an important protective role for this hsp [48] . Unforat least two hsps can play an important role in protecting tunately, transgenic animals over-expressing hsps other cardiac cells in culture from the effects of damaging than hsp70 in the heart or viable knock out mice lacking stimuli. They therefore raise the possibility that the ultihsps other than hsp32 have not yet been reported. It will mate use of hsps in therapeutic procedures (see below)
clearly be of considerable importance to determine whether may be optimised by stimulating the over-expression of over-expression of other hsps has a protective effect in more than one hsp to produce an optimal protective effect.
vivo. This is particularly true of hsp27 which, as indicated This is reinforced by the findings of Lau et al. [43] who above, has a potent protective effect in cardiac cells in were unable to demonstrate any protective effect of overvitro. expressing hsp60 or hsp10 individually in cultured cardiac cells but did observe a protective effect when both proteins were over-expressed together.
5. Protective mechanisms Overall, therefore, these findings clearly demonstrate that over-expression of individual hsps or combinations of
The clear protective effect of hsps in the heart is them in cultured cardiac cells can have a protective effect.
paralleled in a variety of other critical tissues and cell Evidently, such studies are of considerable importance in types such as the brain (for reviews, see Refs. [49, 50] ). proving that the hsps can have a protective effect. HowThis has led to a variety of investigations in different cell ever, it is necessary to extend these studies by demontypes aimed at elucidating the mechanism(s) mediating these protective effects. As well as simply indicating that hsps function by chaperoning the correct folding of other proteins (for review, see Ref. [51] ), these studies have also identified specific biological processes which are targeted by hsps (Fig. 2) . A major focus of attention has been the process of programmed cell death / apoptosis. One major pathway of apoptosis involves the release of cytochrome c from mitochondria. In turn, cytochrome c binds to a protein known as Apaf-1 and triggers its oligomerisation. This complex then attracts the inactive unprocessed pro-form of the proteolytic enzyme caspase-9 which is then cleaved to its active form thereby initiating the apoptotic process. Most interestingly, different hsps have been shown to inhibit this process at various points (Fig. 3) . Thus, hsp27 has been shown to bind to cytochrome c and prevent it binding to Apaf-1 [52, 53] . Conversely, hsp90 binds to Apaf-1 and prevents it binding to cytochrome c [54] , whilst hsp70 prevents oligomerised Apaf-1 from recruiting pro-caspase-9 [55, 56] .
As well as this effect on caspase-mediated apoptosis, it appears that hsp70 can also inhibit apoptosis in a caspase independent manner [57] . This is likely to involve the ability of hsp70 to inhibit the c-Jun N-terminal kinase (Jnk kinase) which plays a key role in inducing apoptotic cell death in response to specific stimuli [58, 59] . These mechanistic studies in non-cardiac cells on the inhibiting effect of hsps on pro-apoptotic mechanisms evidently parallel the direct demonstration that over-expression of hsps can inhibit apoptosis in cardiac cells (see above) [40] .
As well as interfering with apoptotic pathways, hsps example, it has been demonstrated that over-expression of hsp27 can protect the integrity of the microtubules and the actin cytoskeleton in cardiac myocytes and endothelial observations are of particular interest in view of observacells exposed to ischaemia [60, 61] . tions indicating that unstable angina activates both hsp72 Moreover, hsp90 has been shown to bind to endothelial and eNOS in the human heart [64] whilst nitric oxide can nitric oxide synthase (eNOS) and stimulate its activity [62] protect cultured cells from TNF-a-induced cell death by and over-expression of hsp70 enhances nitric oxide proinducing hsp70 [65] . Hence multiple links exist between duction in response to cytokine stimulation [63] . These the hsp and nitric oxide systems. The hsps therefore protect cells via multiple mechanisms manner. It has been shown that these inducers do not act which target key cellular components and regulatory via HSF-1 but activate hsp expression via other transcripprocesses. This leads naturally to the question of whether tion factors such as NF-IL6 and STAT3 (for review, see such protective effects can be put to therapeutic use.
Ref. [75] ) (Fig. 2) . Based on the use of these inducers in non-cardiac cells, we demonstrated that the interleukin-6-like cytokine cardiotrophin-1 (CT-1) was able to induce 6. Therapeutic potential of hsps in the heart hsp synthesis in cultured cardiac cells and that such treatment protects them against subsequent exposure to The experiments described in earlier sections clearly severe thermal or ischaemic stress [76] . Similar induction suggest that procedures which elevate hsp levels in the of the hsps in cultured cardiac cells and protection against heart may be of significant benefit, for example, during subsequent severe stress is also observed with the tyrosine reperfusion following a period of ischaemia, during cardiac kinase inhibitor herbimycin A [77, 78] . bypass or to preserve donor heart function prior to These protective effects in cardiac cells in culture have transplantation. Indeed, in view of the use of cold storage also been extended to the intact heart. For example, Vigh et during transportation prior to transplantation, it is of al. [79] showed that bimoclomol, a novel hydroxylamine particular interest that reduced as well as elevated temperaderivative, was able to induce hsp synthesis in the intact ture induces hsp expression in the heart [66] . Moreover, a perfused heart ex vivo and to produce a protective effect mild heat treatment prior to hypothermic storage has been against a subsequent ischaemia. Similarly, Meng et al. [80] shown to enhance subsequent recovery of the heart [67] .
demonstrated that norepinephrine treatment of an intact rat Such temperature-based manipulations of the hsps may resulted in hsp induction in the heart and protection against thus have a role to play in cardiac transplantation proischaemia when the heart was subsequently perfused ex cedures. Similarly, it has been shown that a protective vivo, whilst Dana et al. [81] showed that the pre-coneffect across the whole heart can be obtained by using a ditioning effect of activating adenosine A receptors was 1 thermal probe to produce local heating of the heart [68] , accompanied by phosphorylation of hsp27 which is suggesting that a similar procedure could be used therapeubelieved to enhance its protective effect. This latter tically.
observation is of particular interest in view of the observaThe induction of the hsps by stressful stimuli such as tion that over-expression of hsp70 in the intact heart results elevated temperature (for review, see Ref. [69] ) or isin the activation of the adenosine synthesising enzyme chaemia [70] is mediated by the heat shock transcription ecto-59-nucleotidase [82] , further supporting a relationship factor (HSF-1) (Fig. 2) . Thus following exposure to between the protective pathways involving hsps and elevated temperature, the cytoplasmic HSF-1 monomer adenosine. forms a trimer and moves to the nucleus where it binds to Several compounds thus exist which can induce hsps in its target sites (known as heat shock elements) in the the heart and produce a protective effect, although it regulatory regions of the hsp genes and, following HSF-1 should be noted that in no case has this protective effect phosphorylation, it induces hsp gene expression.
been directly shown to be due to the ability to induce hsps. Interestingly, the induction of the hsps by stressful Before the protective effect of any of these compounds stimuli diminishes with age in a variety of tissues includcould be exploited clinically, it is evidently necessary to ing the heart and this has been shown to be due to investigate whether their protective effect in the heart can impaired activation of HSF-1 by stress in the aged heart be achieved without any significant side-effects. For [71] . Moreover, this effect is associated with a reduced example, CT-1 was originally identified on the basis of its protective effect of mild heat shock or ischaemia against a ability to induce cardiac hypertrophy [83] , whilst hersubsequent severe ischaemic stress in aged hearts [71, 72] .
bimycin as a tyrosine kinase inhibitor is likely to have As many of the situations where the protective effect of significant effects on cellular growth and division. Nonehsps would be valuable involve elderly individuals, this theless, the identification of compounds able to induce the suggest that other procedures not involving stressful hsps without inducing a full stress response is highly stimuli or HSF-1 may be required for the therapeutic promising and suggests that pharmacological induction of induction of the hsps. Such procedures can be divided into hsp synthesis may be a viable therapy in the not too distant pharmacological and gene therapy procedures.
future.
Pharmacological methods

Gene therapy procedures
Although the hsps were identified on the basis of their Clearly, any potential side-effects of compounds which induction by stressful procedures, they are also induced can induce hsps could be avoided if hsp genes could be naturally by specific non-stressful procedures. For examefficiently delivered to the heart. Since transgenic prople, the cytokines interleukin-6 [73] and interleukin-10 cedures are evidently not applicable in humans, this will [74] can induce hsp gene expression in a non-stressful require the development of procedures able to safely and efficiently deliver hsp genes to the heart of individual stressful procedures which originally led to the identificapatients. tion of the hsps and which gave them their name. Encouragingly, it has been shown that the hsp70 gene within a plasmid vector can be delivered to the heart via intra-coronary infusion of liposome particles containing it. Acknowledgements The elevated expression of hsp70 produced by this means confers effective protection against subsequent ischaemia-I am most grateful to Professor Michael Marber who reperfusion [84] or endotoxin-induced cardiac damage suggested that I write this review and to Professor Derek [85] . These experiments are of considerable importance Yellon for ongoing collaboration in the cardiac hsp area since they demonstrate that hsp70 over-expression can and for many helpful discussions. I would also like to have a protective effect not only in a transgenic animal but thank all the members of my laboratory who have been also in a situation directly relevant to the human case involved in our work in this area. The work of my where hsp over-expression is produced in the adult heart laboratory in this area has been generously supported since by introduction of the gene construct.
its inception by the British Heart Foundation. Nonetheless, the problem of hsp gene delivery to the heart remains the same as for all gene therapy procedures, namely the need to safely and efficiently deliver the gene to the appropriate tissue without damaging side-effects.
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